INTRODUCTION
Many widely used colour maps provided by vendors have highly uneven perceptual contrast. Colour maps may have points of locally high colour contrast leading to the perception of false anomalies in your data when there is none. Conversely colour maps may also have 'flat spots' of low perceptual contrast that prevent you from seeing features in the data.
To evaluate the effectiveness of colour maps a simple test image consisting of a sine wave superimposed on a ramp function can be used. The sine wave amplitude is set so that the range from peak to trough represents a series of features that are 10% of the total data range. The amplitude of the sine wave is modulated from its full value at the top of the image to zero at the bottom. The sine wave should be uniformly visible across the full width of the image. The contrast level, the distance down the image at which the sine wave remains discernible, should also be uniform across the image. At the very bottom of the image, where the sine wave amplitude is zero, we just have a linear ramp which simply reproduces the colourmap. Given that the underlying data is a featureless ramp we should not perceive any identifiable features across the bottom of the image. 
COLOUR MAP DESIGN
A colour map can be thought of as a line or curve drawn through a three dimensional colour space. Individual data values are mapped to positions along this line which, in turn, allows them to be mapped to a colour. For a colour map to be effective it is important that the perceptual contrast that occurs
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as one moves along the line in the colour space is close to uniform. Rather than using RGB space the colour maps presented here are designed in CIELAB colour space. This colour space is designed to be perceptually uniform; distances between points in the 3D colour space are intended to closely correspond to human perception of colour difference. The colour maps presented here are constructed by specifying control points in CIELAB space and then fitting a 2nd or 3rd order B-spline through them to form a colour map path. A 2nd order spline forms a linear path between the control points and a 3rd order one uses quadratic basis functions to form the path. Having formed a colour map path one then needs to determine locations along the path that are equispaced in terms of perceptual contrast to form the final colour map.
In order to achieve uniform perceptual contrast an initial approach might be to set the spacing of points along a colour map path according to a colour difference formula such as CIE76 or CIEDE2000 (CIE, 1986; Fairchild, 2013) . This approach was used by Moreland (2009) whereby he used the CIE76 colour difference formula for the design of his diverging colour maps. However, these colour difference formulas are derived from experiments where subjects are asked to compare patches of colour that subtend a 10° field of view (Fairchild, 2013) . Noting that a 10mm screen object viewed at a distance of 600mm subtends about 1 degree of visual angle we can see that these colour difference formulas are only valid for spatial scales that are very much larger than what we are typically seeking to resolve in an image.
At fine spatial scales contrast sensitivity to chromatic gratings is significantly lower than it is for achromatic luminance gratings (Poirson and Wandell, 1993; Mullen, 1985; Lennie and D'Zmura, 1988) . Two colours that differ greatly in hue and/or chroma provide poor perceptual contrast if they have the same level of lightness. Thus, for the purposes of colour map design, where we are interested in the ability to resolve fine structures, the perceptual contrast between colours is dominated by the difference in the lightness of the colours. Differences in hue or chroma are relatively unimportant. The importance of lightness is noted by Niccoli (2012) . In designing his perceptual colour maps he ensures the lightness profiles are linear, or follow a cube law to match Steven's power law. However his reasoning for using a cube law is not clear given that CIELAB lightness is intended to be perceptually linear.
The technique used here for obtaining N colour maps values of equal perceptual contrast along a colour map path is as follows: First, an initial map is generated by evaluating N points at equal spline parameter increments along the path. The perceptual differences between successive colour map entries are then computed. As mentioned earlier, for most colour maps, this will be simply the magnitude of lightness differences between successive colour map entries.
However, for isoluminant, or low lightness contrast colour maps, one will need to use the Euclidean distance in CIELAB space (ie. the CIE76 formula) to determine the perceptual contrast between entries. From this a cumulative sum of the contrast differences along the colour map is formed. The total cumulative contrast change is then divided into N equispaced values and a reverse mapping back to the spline parameters required to obtain these equispaced contrast values is obtained via linear interpolation of the cumulative contrast curve. These new remapped locations form the final colour map. The overall process is illustrated in Figure 4 . 
A TAXONOMY OF COLOUR MAPS
Colour maps can be organized according to the following attributes: linear, diverging, rainbow, cyclic, and isoluminant. Linear colour maps have colour lightness values that increase or decrease linearly over the colour map's range and are intended for general use. Diverging colour maps are suitable where the data has a specific reference value and we are interested in differentiating values that lie above, or below, this value.
Rainbow colour maps have well documented shortcomings (Borland and Taylor, 2007) . However, rainbow colour maps are ubiquitous and are unlikely to go away. Accordingly they warrant a category of their own. Cyclic colour maps have colours that are matched at each end with first order continuity. They are intended for the presentation of data that is cyclic, such as orientation values or angular phase data. Isoluminant colour maps are constructed from colours of equal perceptual lightness. These colour maps are designed for use with relief shading. On their own these colour maps are not very useful because features in the data are very hard to discern. However, when used in conjunction with relief shading their constant lightness means that the colour map does not induce an independent shading pattern that will interfere with the structures induced by the relief shading. The relief shading provides the structural information and the colours provide the data classification information.
Colour maps may have multiple attributes. For example, diverging-linear or diverging-isoluminant.
In addition to isoluminant maps one can construct low lightness contrast maps for use with relief shading. The aim being to combine the perceptual cues that might be obtained from, say, a linear or diverging colour map with the perceptual cues induced by relief shading. Due to space constraints this paper will only discuss linear, diverging, and rainbow colour maps.
Linear colour maps
The distinguishing feature of these colour maps is that the lightness values vary in a linear manner even though the colour map path itself may be curved. This linear variation of lightness induces a clear ordering of colours making interpretation of data straightforward. Thus, linear colour maps are suitable for general purpose data display. It can be useful to constrain the lightness values to, say, 10 to 95 rather than using the full range of 0 to 100. It is often the case that monitors and printers display a reduced lightness range more reliably with features at the dark and light ends of the colour map being less susceptible to saturation. The overall image contrast will be reduced slightly but the ability to identify features in the data may be better.
Diverging colour maps
Diverging colour maps are intended for the display of data having a well defined reference value where we are interested in differentiating values that lie above, or below, this reference point. Within the colour map the reference value is typically denoted by a neutral colour, white, black or grey. The most commonly encountered diverging colour map is a blue-white-red map. However, such a colour map involves a reversal of lightness gradient at the centre. This discontinuity in the lightness gradient induces the perception of a false feature. To remove this the lightness values can be smoothed, say with a Gaussian filter. This softens the gradient reversal and removes the false feature. However, a compromise has to be accepted. The smoothing introduces a small region in the colour map where the lightness gradient is reduced to zero. This creates a small perceptual flat spot where structures will be harder to see. The degree of smoothing required is not large. A Gaussian filter with a standard deviation of around 5 to 7, within a 256 level colour map, is typically sufficient. While a blue-white-red diverging map may be the most common other variations are possible. For example the reference value can be denoted by black rather than white. A linear-diverging map that varies from blue through grey to yellow can be very effective. By having no lightness gradient reversal it avoids the creation of a perceptual flat spot at the centre and provides an intuitive colour ordering. This kind of diverging colour map could probably be used more widely. 
Rainbow colour maps
The construction of rainbow colour maps requires a contrived path through CIELAB space involving reversals in the lightness gradient which can upset a viewer's perceptual ordering of the colours in the map (Borland and Taylor, 2007) . Thus, rainbow colour maps should be avoided. However, it would appear unlikely that people will stop using them. It might be argued they have a legitimate use where the main aim is to differentiate data values rather than communicate a data ordering.
With care it is possible to generate a minimally bad rainbow colour map. First, it is best to construct the colour map path so that in going from blue to green it does not pass through cyan. If cyan is included, the subsequent colour map path from cyan through green to yellow has very little lightness variation. This creates an extended region of low perceptual contrast that is not readily corrected. False anomalies are also induced at cyan and yellow, see Figure 9 . With cyan excluded, and using a less extreme colour map path that incorporates a darker green, it is possible to equalize the magnitude of the lightness gradient and thus obtain uniform perceptual contrast. If this is then followed by smoothing of the lightness reversals at yellow and red to reduce the perception of false anomalies at these points one can obtain a reasonable colour map, albeit with small perceptual flat spots at yellow and red. 
CONCLUSIONS
This work presents a set of principled guidelines for the construction of perceptually uniform colour maps with the specific needs of linear, diverging, and rainbow colour maps being considered in detail. A colour map test image is also presented. This allows the perceptual contrast of colour maps to be readily evaluated. It reveals that many colour maps supplied by vendors have serious deficiencies.
At the spatial frequencies of interest to us the perceptual contrast in a colour map is dominated by the colour lightness gradient. Where lightness gradient reversals are required they should be smoothed to avoid the creation of false anomalies. In addition, the perceptual requirements of a colour map have to be reconciled with colour space constraints. This may not always be achievable with complete satisfaction. Overall, it is hoped that this work brings some formalism to the process of designing and evaluating colour maps and that this will lead to more reliable and consistent interpretation of data.
A set of perceptually uniform colour maps are available from: http://www.cet.edu.au/research-projects/geophysics-andimage-analysis/projects/colour-maps-with-uniform-perceptualcontrast Also available from this web site is the colour map test image, additional information about the theory behind the construction of these colour maps, and MATLAB code for the design and construction of the colour maps.
